A tribal-owned network of aerosol monitors and meteorological stations was installed at Ts'aahudaaneekk'onh Denh (Beaver), Gwichyaa Zheh (Fort Yukon), Jałgiitsik (Chalkyitsik), and Danzhit Khànląįį (Circle) in the Yukon Flats, Alaska. Surface inversions occurred under calm wind conditions due to radiative cooling. In May, local emissions governed air quality with worst conditions related to road and river dust. As the warm season progressed, worst air quality was due to transport of pollutants from upwind wildfires. During situations without smoke or when smoke existed at layers above the surface inversion, concentrations of particulate matter of less than 2.5 micrometer in diameter or less (PM 2.5 ) were explainable by the local emissions; 24-h means remained below 25 μg·m −3
Introduction

In February 2007, the Alaska Rural Communities Emission Inventory Report
No. SR2007-02-01 [1] that was prepared for the Western Governors' Associa-, 17.6 μg·m −3 and 11.9 μg·m −3 at sites in North Pole (city in Alaska, 2232
inhabitants [2] ), 12.0 μg·m −3 and 11.7 μg·m −3 at sites in Fairbanks (32,751 inhabitants), and 6.4 in Anchorage (298,192 inhabitants) [3] ; highest concentrations occurred during winter under surface inversion conditions and in summer when these cities were in the downwind of wildfires; typically winter concentrations dominated the annual means [3] . Particulate matter with diameters of 10 μm or less (PM 10 ) had long-term mean concentrations of 12.4 μg·m −3 in Fairbanks [3] . topography drives the surface meteorology [7] . The location at the western edge of the Canadian High means frequent subsidence inversions. The far north location favors radiative cooling and inversion formation [8] [9] [10] [11] . Under both conditions, pollutants from local emissions can accumulate under the inversion over extended time yielding low air quality [10] [11] . The surrounding mountains retain the pollutants in the valley.
Residents of Interior
The concentrations that establish in response to emissions also depend on meteorological effects (e.g. mixing, transport, removal by sedimentation and washout, stability, inversion height if present), and natural sources of aerosols (e.g. mineral soils, pollen, gas-to-particle conversion, evaporation of hydrometeors, haze, cloud and fog droplets) [12] [13] [14] .
Wildfires are a mechanism of the landscape evolution in Interior Alaska. Valley showed local exceedances of the NAAQS over several days and on a regular basis between October and March on days with inversions [17] . In Fairbanks, emissions from wood burning contributed the majority of the PM 2.5 in winter.
In the Yukon Flats, the largest valley in Alaska, most villages use local wood as the major source for heating and cooking, as any supply has to be flown in with small aircrafts [7] . In the Interior, PM 2.5 concentrations ([PM 2.5 ]) often exceeded the NAAQS at the sites at Gates of the Arctic (located west of the Yukon Flats), in the cities of Fairbanks and North Pole (Tanana Flats), and Denali National Park Head Quarters (southern Interior) in summer due to smoke from wildfires [3] .
Nevertheless, and despite wildfires are part of the natural landscape evolution of the boreal forest ecosystem, aerosol near-surface data are sparse in the Tanana
Valley and were even nonexistent in the Yukon Flats. In the sparsely populated Yukon Flats, most communities are off the Alaska road network [7] . Thus, maintenance of an air-quality monitoring network by federal or state agencies would require travel by boat or small aircrafts. Under limited funding conditions, such high maintenance costs for closing the data gap is hard to justify under the argumentation of cost-benefit ratio aspects.
Various studies linked high concentrations of PM 2.5 from wildfires and wood burning to respiratory and cardiac illnesses especially in sensitive people with preconditions, children, and elderly [18] [19] [20] . In the rural Interior, medical emergencies often require air travel by charter for medical care [7] , which contributes to elevated health care costs for rural villages.
Baselines of aerosol and meteorological surface data are vital for mitigation of Recognizing the critical need of a baseline for improvement of human health, quality of life, conservation of prosperity, and ecosystem preservation in a rapidly changing world, the Tribes in the Yukon Flats decided to step up to fill a gap in atmospheric near-surface data on their own to assess the quality of the air they are breathing. A system of aerosol monitors and meteorological ground stations was placed in four Yukon Flats communities (Figure 1 ), and is managed by the Tribes of Ts'aahudaaneekk'onh Denh (Beaver), Gwichyaa Zheh (Fort Yukon), Jałgiitsik (Chalkyitsik), and Danzhit Khànląįį (Circle). The objective was to establish a baseline inventory of air quality in the communities and to gain understanding of the sources of PM 2.5 within these Interior Alaska villages.
Experimental Design and Methodology
Network Layout and Site Descriptions
Four Tribal villages were selected strategically to assess the summer air-quality situation in the Yukon Flats ( Figure 1 ). Two villages (Circle, Chalkyitsik) are located close to the major river inlets into the valley at the Porcupine and Yukon River, respectively, one village (Beaver) is close to the outlet of the Yukon between the mountain ranges of the Yukon Flats, and a fourth village (Fort Yukon) is located at the Yukon in the center of the valley.
All communities follow a strong subsistence lifestyle. Except Circle, the communities are north of the Arctic Circle (66.56311N) (cf. Figure 1 ). Wood-stoves are the major choice for heating followed by diesel furnaces-some with modern monitors. The air quality monitoring sites were set up close to the major anth- 
Instrumentation
The For this study, we only used data from April to September to cover the wildfire season between breakup and freeze-up.
Quality Assurance/Quality Control and Data Processing
The data of BAM 1022 and the EM50 raw data were saved as two separate excel files. These data files were synchronized for time and combined. A quality as- should not be exceeded [21] [22] . The standard deviation is a good indicator of the concentration temporal variation over the day [23] .
In addition, we calculated daily and monthly concentration means as a function of wind direction using the same algorithm as recommended by WHO and EPA [13] [21] [22] . Doing so permits assessment of contributing sources. 
Results and Discussion
Emissions Sources in the Yukon Flats
Large emission sources with fixed locations are the power plant, laundry-mat, In most villages, automobiles exist even though they lack access to the Alaska road network. Ft. Yukon and Circle have a large assortment of privately owned and municipal vehicles that are fueled with gas or diesel. Cold starts lead to enhanced emissions [24] as compared to summer. In the cold and transition seasons, idling of automobiles to warm up the engine also contribute to traffic emissions. Off-road vehicles are mostly four-wheelers and snow mobiles. Snow mobiles are used as long as snow is on the ground, while four-wheelers are used year-round.
The major transportation within Alaska is aircrafts and motorboats [7] . Air- 
Common Features
At all four communities, [PM 2.5 ] showed the following behavior. Surface inversions occurred under calm wind conditions due to radiative cooling. Often more than one inversion formed per day (cf. , but remained far low unhealthy levels.
For all communities, daily mean concentrations exceeded the NAAQS on several days, often for several consecutive days, when smoke from wildfires was advected. Individual 5-minutes means as well as the values of temporal standard deviations were at levels considered as unhealthy.
When a cyclone governed the weather in the region, concentrations were lowest due to scavenging, washout and rainout. After the end of precipitation, typically concentrations built up to about the monthly baseline value in about one hour (e.g. Figure 7 ). In the following, the term "baseline value" refers to the mean concentration in a community averaged over all days without fire backward trajectory. An example of this type of concentration-precipitation behavior will be discussed in Section 3.5.
Another common feature was that under weak wind, high pollution situations precipitation only mitigated air quality during the event; concentrations went up immediately thereafter. This scenario occurred when communities where downwind of a fire. See Section 3.5 for an example.
A further common feature found for all villages was that the wind direction change associated with a frontal passage put a community immediately in the downwind of a fire. Then concentrations increased as soon as the rain stopped.
Observed concentrations exceed the baseline value and those prior to the rain event (e.g. Figure 7 (a)). For further discussion see Section 3.5. 
Chalkyitsik
In , respectively except for around August 12 when smoke was advected from the Canadian Border fire (Figure 4) . In September, temperatures started to go down for which heating with woodstoves set on. However, September 2017 was warmer than May 2017 for which September [PM 2.5 ] were lower (Table 2) , but day-to-day variations looked similar to those in May (Figure 8 ). This means Chalkyitsik's local emissions caused a clearly identifiable pattern of [PM 2.5 ] which depended on wind direction, temperature and ground conditions (e.g. Figure 9 ). 
Beaver
In 2017, Beaver's air quality was influenced by a wildfire to the southwest in July, and by the Canadian Border fire to the north in September (cf. Figure 4) . Dur- .
The NAAQS was exceeded on six consecutive days in July (12) (13) (14) (15) (16) (17) , and on three consecutive days in August (15) (16) (17) as well as September (6) (7) (8) (Figure 8) , respectively (Table 2) .
On days with wind blowing up or down the river, [PM 2.5 ] were elevated (36.9 ± 120 µg·m −3 ). The lower Yukon River inlet into the Yukon Flats valley as seen from Beaver falls in the general direction of 225˚ ± 45˚ from North (cf. Figure   1 ). The wind rose profile (e.g. Figure 10(a) ) indicates that the largest wind and directional frequency and concentration values originated from and heading to this general direction towards and from the lower Yukon River inlet into the valley. The channeling effect pushed smoky air from fires in the west and east of Beaver up and down the river, respectively (cf. Figure 1, Figure 4 , Figure 10(a) ).
On days with calm winds, Beaver's location between relatively steep mountains to the East and West (Figure 1 ) favored the formation of inversions due to radiative cooling ( Figure 5 ). The chimney of the power generation plant ( Figure  2) typically reached above the inversion. The sandy river banks heated during the day. Occasionally, surface heating was sufficient enough to break the inversion (cf. Figure 5 ) allowing air from aloft to be mixed down. Then exhaust from the plant enhanced the [PM 2.5 ] (Figure 8, Figure 10(b) ).
On days with relative high wind speeds (v > 6 m·s −1 ), [PM 2.5 ] varied less than on calm days. On calm days without smoke advection, [PM 2.5 ] were low and depended on the wind direction and elevated concentrations were explainable by identified sources within the village. However, these concentrations remained below the WHO recommended value.
An example for the relation between pollution from distant sources and precipitation is August 28, 2017 (Figure 10(a) ). On that day [PM 2.5 ] were low in Beaver in the morning and increased after the rain. Prior to the rain, wind was calm. No temperature inversion existed. At the onset of rain, wind speeded up and now came from the direction of the river. This means that the community was exposed to pollutants from its own emissions prior to the rain and later to smoke pollutants advected from outside.
The situation on September 11, 2017, is an example of build-up of [PM 2.5 ] in Beaver under a temperature inversion (Figure 10(b) ). The rain caused the inversion to dissipate, and concentrations went down. They stayed low and there was some light wind. After sunrise, however, the ground started drying, and near-surface temperatures increased. A topography-driven local scale wind system established blowing from the cool river to the community. At the same time, concentrations increased due to advection of polluted air from outside the village. Note that wind from the river is the major wind direction at Beaver. . This behavior was due to advection of polluted air from fires. ; Table 2 .
At Fort Yukon, the site was surrounded by buildings (school, court house, gym, AC store, radio station, post office, residences) to all sides (cf. Figure 2(d) ).
Thus, [PM 2.5 ] hardly differed by wind direction as long as no pollutants from fires were transported into the city. This means no matter whether there existed a temperature inversion or not, or whether wind was calm or not, concentrations were independent of wind direction when the pollutants were from local emissions within the city (Figure 11 ).
Under such conditions, the sources can be attributed. Under northwesterly, westerly to southwesterly emissions from the airport and downtown were major contributors. When winds came from southwest, south-south-west, south-south-east and southeast, emissions from the school, gym, radio station and AC stores contributed to the concentrations. While for winds from the southeast to northeast sector advected pollutants came from the uptown residences. Particles and dust from the road reached the site under north-north-east winds.
On June 1, 2017, for instance, pollutants at the site stemmed from the direction of the AC store, road, AC store, school, radio station, residences around 2, 3, 5, 6, 8 and 9 and later at 13 LT, respectively (cf. Figure 2 (d), Figure 11 (b), Figure 11 (d)). On this day, an inversion built shortly after 1 LT and broke after 16 LT (Figure 11(b) ). [3] . As compared to those data the communities in the Yukon Flats were exposed to substantially higher concentrations. 
Comparison with Fairbanks and Other Arctic Communities
Conclusions
We established a Tribal owned meteorology and aerosol monitoring network to understand the exposure of eastern Interior Alaskan communities to the health-adverse .
2) When convection existed or wind was too strong for the formation of an inversion, smoke was advected into the villages leading to daily mean concentrations that are deemed unhealthy according the EPA guidelines. At Beaver in addition the following situation occurred. Smoke was captured underneath an inversion where the Yukon River had carved its way thru steep mountains near Beaver. Under these conditions, Beaver experienced advection of smoke within the surface inversion and hence elevated concentrations.
When a cyclone governed the weather in the Interior, concentrations were lowest due to scavenging, washout and rainout. After the end of precipitation, typically concentrations built up to about the monthly baseline in about one hour. Occasionally, the change in wind direction associated with a frontal passage advected smoke from upwind fires to the community.
When concentrations aloft were higher than in the village breaking of the inversion led to strong variations in concentrations due to the mixing processes of the two air masses of different degree of pollution.
Based on the results of this monitoring study we may conclude that between April and September, communities in the Yukon Flats breeze healthy air as long as their community is not impacted by smoke from upwind wildfires.
Under inversion conditions, communities could reduce their local emissions by plugging in heavy equipment and cars instead of idling them, or by keeping them in a hangar or garage when not in sue. Long-term goals to improve air quality under inversion conditions could be to opt for heating devices with the lowest emissions when old devices have to be replaced.
While communities have possibilities to mitigate local emissions, there are currently no measures at hand to mitigate the emissions from wildfires that cause the very unhealthy conditions for often more than a consecutive week several times during the wildfire season. Such measures would require to change the current wildfire management policy. Currently, only fires are fought that are an immediate threat for life, property, historic places and important infrastructure among other things.
Fighting all fires in the valley could reduce the exposure to wildfire smoke. Removal of dead or old trees and wood broken off by storm at a larger amount than just for local wood burning could reduce the available fuel for wildfires and the risk of lightning to ignite fires. The removed wood could be converted to pellets that burn more efficient and have lower emissions. Such a measure would require building a plant for the processing, roads to transport the wood to the plant and distribute it to the consumers, installations of pellet stoves and a much larger work force than it is currently available in the Yukon Flats. Although it is well-known that as population increases in boreal forest the number of human-caused fire increases.
However, changes in fire management are decisions made at the state level. Journal of Environmental Protection Consequently, they would require political negotiations between local and state decision makers. Such negotiations can take years especially when the group of beneficiaries is comparatively small and the involved costs are extremely high. This fact is especially true under conditions of financial shortage. Nevertheless, even when the current fire management policy would be changed communities could still be exposed to smoke from atmospheric long-distance transport from boreal fires in Canada or even Siberia.
